Introduction
The mammalian immune system has the ability to respond to almost any pathogen-associated macromolecule because of the incredible diversity of lymphocyte receptor molecules. B cells not only express receptor molecules on their surface, but also upon activation they release soluble receptor molecules called antibodies. These antibodies then initiate protective effector functions by binding to the foreign antigens that triggered their production [1] . The diversity of B-cell receptors and antibodies is made possible by the existence of multiple sets of highly similar genes that recombine to form the functional genes of the two polypeptides, called the heavy and light chains, that make up antibody molecules [2] . The rearranged heavy chain genes, called VDJ genes, are the products of recombining IGHV, IGHD and IGHJ genes. Light chain genes are similarly the products of recombination of light chain V and J genes. Antibody diversity is expanded still further by junctional diversification arising from the incorporation of P nucleotides derived from the opening of hairpin loops that form at gene ends as part of the rearrangement process, from exonuclease trimming of the recombining gene ends, and from the essentially random addition of N nucleotides between the recombining genes [3] . The permutations of recombining gene segments, the generation of junctional diversity and the permutations of associating heavy and light chain pairs together give the immune system the capacity to produce billions of different antibody molecules [4] .
Variations in the repertoire of human germline genes can lead individuals and population groups to vary in their susceptibility to particular infections.
For example, differing susceptibility to infection with the important human pathogen Haemophilus influenzae has been linked to different alleles of the IGKV2D-29 and IGHV3-23 genes. The increased incidence of H. influenzae infection among the Navajo and other Native American populations has been linked to the high frequency of the IGKV2D-29*02 allele in these populations [5] . The IGKV2D-29 gene is critical for production of high affinity antibodies that target the H. influenza capsule [6] , but the IGKV2D-29*02 allele is unable to recombine efficiently because of a defective recombination signal sequence (RSS) [7] . IGHV3-23-encoded antibodies also target the polysaccharide capsule of H. influenza, but while the IGHV3 -23*01 gene encodes high affinity antibodies, the IGHV3-23*03 allele encodes antibodies with much reduced affinity [8] , and carriage of the IGHV3-23*03 allele is likely to be associated with increased susceptibility to the infection. Similarly, it has recently been shown that some but not all IGHV1-69 alleles are readily able to form broadly neutralising anti-influenza antibodies [9] , and an individual's susceptibility to influenza is therefore also likely to reflect the IGHV1 -69 alleles that they carry.
Investigations of associations between particular antibody genes and disease susceptibilities have been hampered by the technical difficulties involved in the documentation of an individual's germline antibody genes. In recent years, the advent of high-throughput sequencing has made this much easier, leading to major advances in our understanding of individual variation in the repertoires of available human germline variable region genes. Many new allelic variations of IGHV genes have been identified [10] [11] [12] and numerous deletion polymorphisms have also been found in the IGHV [11, 13] and the IGHD loci [13] .
In contrast to the wealth of recent human studies, there has been surprisingly little application of high-throughput sequencing to the study of murine antibody genes, and differences in the germline genes that are available for antibody production in different mouse strains have received little attention. This is surprising as different strains of inbred mice have differing susceptibilities to infectious diseases [14 -16] and to antibody-mediated pathologies [17] . In the absence of such studies, the recognized repertoire of murine germline genes has remained essentially unchanged for many years. This repertoire is dominated by sequences derived from the BALB/c and C57BL/6 strains. BALB/c mice were the early focus of immunogenetic studies, because of the availability of mineral-oil induced plasmacytomas from this strain [18] . The sequencing of the C57BL/6 genome subsequently led to two reports describing the assembly of nucleotide sequences of the heavy chain locus, and the identification of almost 200 IGHV genes and pseudogenes [19, 20] . The sequence of Riblet [19] provided the mapped genes that were then used to develop the ImMunoGeneTics (IMGT) murine gene nomenclature, based upon gene family names and gene positions within the locus [21] . Apparent allelic variants from other strains were assigned by IMGT to mapped genes by comparison with this C57BL/6 sequence (see http://www.imgt.org/IMGTrepertoire/index. php). Subsequently, half of the heavy chain IGHV gene locus of the 129/Sv mouse strain was sequenced, providing additional allelic variants [22] . Studies to further clarify the immunoglobulin genes of different mouse strains then appear to have stopped. Certainly, no new allelic variants have been added to the IMGT repertoire since 2007.
This study was conducted to infer the complete BALB/c genotype of rearrangeable heavy chain variable region genes from an analysis of VDJ rearrangements, and to study how these genes rearrange to generate the murine heavy chain repertoire. To perform this analysis, we first demonstrated the utility of our genotyping approach in an analysis of VDJ rearrangements from C57BL/6 mice, allowing us to compare our inferences with the reported C57BL/6 immunogenotype. The BALB/c immunogenotype was then determined, and the IGHV locus of the BALB/c strain shows an extraordinary divergence from the IGHV locus of the C57BL/6 strain. Results are presented demonstrating that the VDJ repertoires formed from these genes are germline-focused and surprisingly restricted. The number of available IGHD genes is small, many of them are highly similar, and there are strong biases towards particular IGHD gene reading frames (RFs). Mechanisms that might generate diversity such as D-D fusion and the use of IGHD genes in inverted orientations are rare events, if they occur at all. P nucleotide additions are more common, but their contribution to diversity can also be considered to be germline-derived. On the other hand, the stochastic process of N addition contributes relatively little to the diversity of the naive repertoire. Finally, there is little diversification of the naive repertoire through the process of somatic point mutation, because even IgGassociated murine VDJ genes carry relatively few mutations in these laboratory mice.
The implied importance of germline sequences and the apparent divergence of genes between the two mouse strains suggest that the loci have evolved under very strong selection pressures. These results are discussed with respect to recent reports highlighting the mosaic structure of the genomes of classical inbred laboratory mouse strains, and we conclude that it is likely that the heavy chain variable region genes of the BALB/c and C57BL/6 strains are derived from different subspecies of the house mouse.
Material and methods (a) Sample collection and sequence generation
Splenocytes were isolated from eight C57BL/6 and eight BALB/ c mice using Ficoll-Paque PREMIUM 1.084 (GE Healthcare). Total RNA was extracted from each sample using AllPrep w DNA/RNA/miRNA (QIAGEN). All eight samples from each strain were pooled equally by their RNA concentration and mRNA was extracted from pooled RNA by magnetic bead separation using the Dynabeads w mRNA DIRECT TM Kit (Life Technology). 5 0 Rapid amplification of cDNA ends (RACE) was performed with first strand cDNA synthesis on the mRNA samples by the SMARTer TM RACE cDNA Amplification Kit (Clontech). VDJC sequences were then amplified by polymerase chain reaction (PCR). The forward primers incorporated the Nested Universal Primer A of the SMARTer RACE cDNA Amplification Kit (5 0 -AAGCAGTGGTATCAACGCAGAGT -3 0 ). Reverse primers were designed for both mice strains based upon the 5 0 end of CH1 region of IgG1, IgG2a, IgG2b and IgG2c
The 454 Lib-L Primer A with Multiplex Identifier sequences (MIDs) and Primer B were added to the reverse and forward primers, using standard 454 methods. PCRs were performed using the FastStart High Fidelity PCR System (Roche), with 0.4 mM of the forward primer and 0.4 mM of the reverse primer. PCR was initiated with 3 min at 958C, followed rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140236 by 32 cycles of 30 s at 958C, 30 s at 658C and 42 s at 728C, and ended with a final extension of 2 min at 728C. The amplified products were first purified using QIAquick PCR Purification Kits (QIAG EN) and then further purified by gel extraction using QIAquick Gel Extraction Kits (QIAGEN). The purified PCR products were then sent to the Australian Genome Research Facility (QLD, Australia) and the Institute for Immunology & Infectious Diseases, Murdoch University (WA, Australia) for 454 sequencing. We have previously calculated the error rate for PCR amplification and 454 sequencing of immunoglobulin sequences as 0.1% [23] .
(b) Analysis of VDJ sequences
The isotype of each read was determined from the presence of sequence with complete identity to the CH1 region of the isotype-specific reference sequences, upstream from the IGHC primer. Reads that could not be assigned to an isotype were discarded. Sequences were then aligned against the IMGT databases of germline murine IGHV, IGHD and IGHJ genes [21] using the IgBLAST program [24] , and the most closely matching germline IGHV, IGHD and IGHJ genes were recorded. Nucleotide mismatch counts were also recorded for each sequence, as were non-template encoded nucleotide additions at the IGHV-D (N1) and IGHD-J (N2) joins. Non-productive sequences, with either out-of-frame IGHJ or which included stop codons, and duplicate sequences were removed from the dataset. Clonally related sequences were identified on the basis of shared IGHV and IGHJ genes and CDR3 nucleotide sequences that clustered by centroid clustering with a 90% identity threshold [25] . A representative sequence for each isotype was selected from each clone set, and other sequences were excluded from further analysis.
An additional dataset of publicly available BALB/c IgG sequences was accessed. These VDJ rearrangements were amplified from cDNA using fifteen IGHV gene family-specific forward primers and an IgG-specific reverse primer, and were sequenced using the Illumina platform [26] . IgG subclasses were assigned and the datasets were processed in the same manner as for the 454 sequenced datasets, with the isotype-specific reference sequences adjusted for the study's IgG primer.
(c) Immunogenotyping of mouse strains
The sets of germline variable region IGHV, IGHD and IGHJ genes that are carried by each mouse strain were investigated by analysis of the 454 VDJ datasets, using a method previously developed for analysis of human immunogenotypes [27] . IgM sequences were analysed to detect the presence of genes of the IMGT murine IGHV, IGHD and IGHJ gene repertoires in the VDJ rearrangements. The majority of BALB/c VDJ rearrangements did not align perfectly to any IGHV gene in the IMGT repertoire and the BALB/c dataset was realigned against a composite repertoire made up of all unique IGHV genes in the IMGT and VBASE2 [28] repertoires, as well as sequences associated with the NCBI IgBLAST utility [24] . Rearranged sequences that aligned perfectly to a germline IGHV gene were accepted as evidence of the presence of that gene in the repertoire of the mouse strain, provided that later analysis did not reveal the likelihood that a commonly rearranged gene had given rise to a small number of apparent alignments to an alternative gene, through the process of somatic point mutation. Alignments to each IGHV gene were analysed for the number of mismatches seen between the VDJ sequences and the IGHV gene, leading to the identification of sets of sequences that aligned to particular genes with a shared number of mismatches. These VDJ rearrangements were manually reviewed, and where the set of sequences included diverse IGHD genes, IGHJ genes and N regions, as well as shared IGHV gene mismatches, a probable new IGHV sequence was inferred. The Illumina IgG dataset was then searched, and if the same sequence was identified within this independent dataset, it was confirmed as a putative IGHV gene. Analysis of the Illumina dataset showed biases in the amplification of sequences containing different IGHV gene families, with an almost total absence of sequences using the IGHV9 gene family. In the absence of Illumina dataset alignments to a putative IGHV9-family gene that was abundant in the IgM 454 dataset, an additional search for confirming sequences was made among the IgG 454 dataset sequences. The presence of multiple identical IGHV sequences in the IgG-associated VDJ 454 gene dataset was accepted as confirmation of the sequence as a putative BALB/c IGHV gene.
Because there are so few reported IGHJ genes in the mouse, the presence or absence of IGHJ genes in the genomes of the two mouse strains was simply determined by the abundance of sequences containing each reported IGHJ gene, after confirming the absence of additional alleles through mutation analysis. The identification of IGHD genes in each genome from VDJ rearrangements was more challenging, because IGHD genes are short and highly similar. Their lengths are also usually reduced by exonuclease activity. To complicate matters, some IGHD genes are identical, while other genes differ from one another by 1 or 2 nt at the 3 0 or 5 0 ends of the genes. These nucleotides are often removed by exonuclease activity, which means that random N nucleotide addition can give one gene in a VDJ rearrangement the appearance of another. To confirm the presence or absence of reported IGHD genes in the BALB/ c and C57BL/6 genomes, the lengths of each identified IGHD gene within the VDJ dataset were analysed. The IGHD gene repertoire, as reported by IMGT, was first determined. These IGHD genes were then confirmed as being present within the genomes of the two strains if abundant full-length IGHD sequences were seen within the datasets of VDJ rearrangements.
Once the apparent germline repertoires of the IGHV, IGHD and IGHJ genes of both strains were determined, the datasets were re-aligned against strain-specific repertoires to determine the rearrangement frequencies of each gene. The length of each expressed IGHD gene was then determined, following filtering of the VDJ alignments to improve accuracy of IGHD alignments. The filtering required any D-REGION to be more than 7 nt in length and to include at most two mismatches if the length of the D-REGION was 10 nt, a single mismatch if it was 9 nt and no mismatches if it was 8 nut. The nucleotides of the V -D and D -J junctions were identified based on the IgBLAST output, and the lengths of the N1 and N2 regions were determined. Finally, the 454 IgG-associated VDJ sequences were also analysed, and the number of mutations in each IGHV gene was recorded.
(d) Identification of additional contributions to CDR3 diversity
Molecular mechanisms that further diversify VDJ rearrangements include variable exonuclease processing of gene segment ends, palindromic (P) nucleotide inclusions, the presence of multiple IGHD segments within a single rearrangement and the utilization of IGHD segments in different RFs and orientations.
To examine how these mechanisms contribute to the C57BL/6 and BALB/c repertoires, datasets were reduced to include a single representative for each clone lineage across all IgG subclasses. Exonuclease trimming for each gene end was calculated by comparison of the rearranged genes ends with the full-length germline sequence. In the absence of nucleotide loss, putative P nucleotide motifs were identified in the relevant downstream (IGHV, 3 0 IGHD) or upstream (5 0 IGHD, IGHJ) junctional nucleotides. The frequency of these observed motifs were compared with their expected occurrence as a consequence of N addition. The probability of N addition adding an A or T base was taken to be 0.15 and of adding a G or C base was 0.35. The approach of Meier and Lewis [29] , based on the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140236 binomial distribution, was then used to determine if any over-represented putative P nucleotide motifs were significantly more abundant than could be expected to have arisen through N addition.
IGHD RFs were determined based upon whether the amino acids encoded by the D-REGION contributions to a VDJ were the result of translating the germline IGHD from the RF indexed from the first (RF1), second (RF2) or third (RF3) nucleotide of the sequence. All sequences were considered for possible alternative IGHD alignments to inverted orientation IGHDs. In the absence of an original IGHD assignment, inverted IGHDs were allowed using the same rules as the regular orientation, however, if both regular and inverted alignments were found, the longer, less mismatched IGHD alignment was selected. Secondary IGHD segments within a single rearrangement were sought within N1-and N2-REGIONs of at least 8 nt, and required alignments meeting the D-REGION filtering criteria and with the gene order being consistent with the order of genes within the IGHD locus.
Results
After removal of duplicate sequences and clonally related sequences, 15 103 unique BALB/c and 20 928 unique C57BL/6 IgM-associated VDJ sequences and 1836 unique BALB/c and 10 241 unique C57BL/6 IgG-associated VDJ sequences remained. After similar removal of duplicate sequences and clonally related sequences, 47 910 unique IgG-associated BALB/c sequences were identified in the Illumina dataset. Raw reads of the complete dataset are available from the European Nucleotide Archive under project accession number PRJEB8745 (www.ebi.ac.uk/ena).
When the 454 IgM-associated sequences from C57BL/6 mice were aligned against the IMGT repertoire of germline murine IGHV, IGHD and IGHJ genes, perfect matches were seen to 97 IGHV sequences in the IMGT database. These 97 sequences correspond to 101 unique IGHV genes, for IGHV7-1*01 and IGHV7-1*03 are identical, as are IGHV2-6*01 and IGHV2 -6-8*01, IGHV1-62 -2*01 and IGHV1-71*01, and IGHV5 -6*01 and IGHV5-6-1*01. All but two of these 101 genes are defined by IMGT as functional genes. IGHV1-62 -3*01 and IGHV1-23*01 are defined as IMGT Open Reading Frames rather than functional genes. IGHV1-62 -3*01 was seen in seven unique VDJ rearrangements, while IGHV1-23*01 was seen as a single rearrangement. Two additional germline genes were identified that are absent from the IMGT repertoire but are included in both the VBASE2 and NCBI databases, and were identified in the locus assembly compiled by Johnston et al. [20] . musIGHV211 (Q52.9.59) was seen in 275 unique VDJ rearrangements, associating with a wide range of IGHD and IGHJ gene combinations. musIGHV269 (J558.1.85) was seen in 13 unique VDJ rearrangements made up with various IGHD and IGHJ. The sequence is defined as a pseudogene by VBASE2 because the 3 0 terminal nucleotides encode a stop codon. All 13 sequences lacked the 3 0 stop codon because of exonuclease removal of nucleotides. The complete repertoire of rearrangeable C57BL/6 IGHV genes identified in this study and the rearrangement frequencies of the genes are shown in table 1. Fourteen sequences that have been reported as present in the C57BL/6 genome and that are defined as functional C57BL/6 genes by IMGT were missing from the dataset of VDJ rearrangements. If they exist, they may be incapable of rearrangement. If, however, they are functional, they make a trivial contribution to the C57BL/6 heavy chain repertoire. No alignments were seen to 39 IGHV sequences that IMGT reports as functional C57BL/6 'genes of uncertain origin'. Their absence from our large dataset of rearrangements makes it unlikely that any of these sequences are real IGHV genes.
When the BALB/c-derived 454 sequences were aligned against the IMGT repertoire, it was immediately apparent that IGHV sequences were present in the rearrangements that are not present in the IMGT database. As a consequence, alignments by IgBLAST were incorrectly made to similar genes, resulting in just 57% of BALB/c IgM-associated VDJ rearrangements aligning to IMGT IGHV genes without mismatches. Such perfect alignments had been seen in 81% of the C57BL/6 IgM-associated VDJ rearrangements. Analysis of the frequency distribution of mismatches in sets of rearrangements of each identified IGHV gene showed conspicuous clusters of BALB/c sequences with shared mismatch distance from the most closely matched IMGT gene (data not shown). For example, while there were no perfect alignments to IGHV1-5*01, and two sequences with four mismatches were the 'best' alignments seen, there were 123 alignments with five mismatches. A review of these sequences confirmed that the IGHD and IGHJ gene usage was varied, and that all sequences shared the same mismatches. This almost certainly is the result of the presence in the BALB/c genome of an IGHV gene that is absent from the IMGT repertoire and that differs from the IGHV1-5*01 sequence at five nucleotide positions. This kind of approach to the identification of putative polymorphisms is now well established for human antibody genes [30] .
Further investigation of sequence clusters led to the discovery that some of the putative IGHV sequences that had been identified are present in the VBASE2 repertoires or are listed in association with the NCBI IgBLAST utility. A new repertoire of germline genes, including all murine sequences from the three sources was therefore compiled and used to realign the BALB/c IgM-associated VDJ sequences.
Realignments of the sequences against the combined IMGT/VBASE2/NCBI repertoire of germline IGHV genes led to the identification of perfect alignments to many IGHV sequences that are found in the VBASE2 and NCBI databases, but are not present in the IMGT database. A few of these putative IGHV genes were present as a single alignment, and some others were present at low frequency (less than 10 alignments). To confirm such low abundance IGHV genes as putative BALB/c IGHV genes, we investigated the presence of these sequences in the Illumina database of IgG-associated VDJ rearrangements. Where perfect alignments were seen to such IGHV genes, the presence of the genes in the BALB/c genome was provisionally accepted. These provisional genes were then compared with other similar genes in the BALB/c genome. If a review could exclude the likelihood that mutations of abundant rearrangements of one IGHV gene gave rise to small numbers of rearrangements that appeared to be a different IGHV gene, the sequence was accepted as a putative BALB/c gene.
The frequency distribution of mutations in each identified IGHV gene was again analysed, and some conspicuous clusters of sequences remained in the BALB/c dataset. Groups of sequences that used the same IGHV gene and which shared unexpected numbers of mismatches were identified. The sequences were manually reviewed to identify groups that rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140236 Table 1 . IGHV genes and their rearrangement frequencies, in a dataset of 20 928 C57BL/6 IgM-associated VDJ rearrangements. The final tally of unique rearrangeable putative IGHV germline gene sequences in the BALB/c genome was 164, and these were used at frequencies ranging from 0.01 to 5.94%. The putative genes and their utilization frequencies are listed in table 2. Eighty-two of the unique IGHV sequences match 86 IGHV genes in the IMGT database. Four sequences could be derived from either or both of four identical gene pairs: IGHV5-6-1*01 and IGHV5-6*01; IGHV5-9 -1*01 and IGHV5S9*01; IGHV5-9-2*01 and IGHV5S4*02; IGHV5 -9*03 and IGHV5 -9-5*01. A further 48 sequences are not present in the IMGT database, but are present in either the VBASE2 or NCBI databases.
Only five IGHV sequences were identified in both C57BL/6 and BALB/c mice. Both strains appear to carry IGHV5-6*01 and/or the identical IGHV5 -6-1*01. They also appear to carry IGHV1-69*01, IGHV2-3*01, IGHV2-5*01 and IGHV5 -2*01. Interestingly, the utilization frequencies of these genes vary substantially between the strains. In particular, the IGHV1 -69*01 gene is used by 4.71% of all C57BL/6 VDJ sequences but is used by just 0.62% of BALB/c VDJ sequences.
The IGHD loci of the two strains are more similar. We identified the presence of eight unique IGHD sequences in C57BL/6 mice, and 10 unique sequences in BALB/c mice. The eight unique C57BL/6 IGHD sequences are likely to correspond to nine IGHD genes, for IGHD2-5*01 and IGHD2-6*01 are identical, and both have been reported in C57BL/6 mice [32] . Similarly the 10 unique BALB/c IGHD sequences are likely to correspond to 12 IGHD genes, for IGHD2 -2*01 and IGHD2-7*01 are identical, as are IGHD2-1*01 and IGHD2-8*01. These duplicate genes have been reported in BALB/c mice [33] . The IMGT IGHD gene repertoires of the two strains and the genes that were confirmed in this study are shown in table 3. Six of the IGHD sequences were carried by both strains, and different allelic variants of the IGHD 3-2 gene are also carried by the two strains. The genes identified for each strain were in general agreement with those reported by IMGT, however, the reported C57BL/6 genes IGHD1 -3*01 and IGHD3-1*01 could not be confirmed as present and functional. Similarly the BALB/c genes IGHD2-9*01, IGHD2-11*01 and IGHD4-1*02 could not be confirmed. Small numbers of alignments were seen to IGHD4-1*02. This 10 nt sequence is little different to the 11 nt IGHD4 -1*01 sequence, and both alleles are listed by IMGT in the BALB/c genome. The few BALB/c alignments that were seen to IGHD4-1*02 are most probably the result of exonuclease trimming and N nucleotide additions to the IGHD4-1*01 gene. Both strains carry the IGHJ2*01, IGHJ3*01 and IGHJ4*01 genes. BALB/c mice additionally carry the IGHJ1*01 gene while C57BL/6 mice carry the IGHJ1*03 gene.
After the determination of the apparent germline gene repertoires of both strains, the VDJ rearrangements were re-aligned against strain-specific germline gene sets, and the rearrangement frequencies of each of the genes and putative genes were determined. The IGHV gene rearrangement frequencies are included in tables 1 and 2, the IGHD frequencies are shown in table 3, and the IGHJ frequencies are shown in table 4. The average lengths of IGHD genes within the VDJ rearrangements were also determined, and are included in table 3. Calculation of the average length of each gene within VDJ rearrangements is complicated by the fact that some rearrangements include very short IGHD genes. It is impossible to be confident of any alignment of a human IGHD gene that is shorter than 8 nt [34] , and alignments of 8 or more nucleotides were therefore used to gauge the extent of exonuclease activity within the mouse. Such IGHD alignments were seen in 63.2% of BALB/c and 62.7% of C57BL/6 VDJ. The average lengths of these IGHD genes within VDJ rearrangements are also shown in table 3, and this shows that the loss of 3 or 4 nt from each end of the IGHD gene is common. The majority of IGHDs were found in all three RFs. Although RFs were not equally used in the productive repertoires of C57BL/6 (RF1 15.4%, RF2 7.7%, RF3 76.9%) or BALB/c (RF1 15.6%, RF2 8.9%, RF3 75.5%), the usage frequencies were highly consistent between the two strains. Each IGHD The nomenclature of the VBASE2 database [26] . c The nomenclature of Johnstone et al. [20] . d Sequences that have been reported to be pseudogenes in one or other of the datasets associated with the three nomenclatures are indicated with (P).
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140236 Table 2 . IGHV genes and their rearrangement frequencies in a dataset of 15 103 BALB/c IgM-associated VDJ rearrangements. Previously reported genes are listed using three different nomenclatures, and additional previously unreported putative IGHV genes are also shown. figure S1 ). IgBLAST did not consider the possible contributions to junctional diversity of multiple IGHD genes or the utilization of the IGHDs in inverted orientation, but a small number of examples of possible usage of multiple IGHDs were identified in both C57BL/6 and BALB/c VDJs. The 22 BALB/c and the 18 C57BL/6 sequences represented just 0.14% and 0.10% of total lineages, respectively (electronic supplementary material, table S2). The mean length of these 40 secondary IGHDs was 9.0 nt compared with 9.7 nt for the primary IGHD within the 40 VDJs. The maximum length for a secondary IGHD was 13 nt with no mismatches for BALB/ c and 13 nt with a single mismatch for C57BL/6. Not all secondary IGHDs could be confirmed as permissible IGHD rearrangement events as not all IGHDs have had their genomic positions mapped within the locus.
Inverted IGHDs are IGHDs that are said to appear in rearrangements in an orientation opposite to their genomic state. IgBLAST does not attempt to identify inverted IGHDs within VDJ rearrangements. Rearrangements were therefore re-evaluated to identify such IGHDs among rearrangements both with and without primary IgBLAST IGHD assignments. Inverted IGHDs were accepted only where a primary IGHD was absent or the inverted segment represented a longer and less mismatched segment when compared with the IgBLAST IGHD (electronic supplementary material, table S3). Fortyeight apparent inverted IGHDs were identified for BALB/c (0.32% of total lineages) and 80 for C57BL/6 (0.44%), of which all bar one were identified in the absence of a primary IGHD being found by IgBLAST. The average length of apparent inverted IGHD in the absence of a primary IGHD alignment was just 8.8 nt.
The number of IgM-and IgG-associated sequences that lacked exonuclease removals from the IGHV was similar for both the C57BL/6 (35.5%) and BALB/c strains (35.0%). Among these sequences, 31.2% of C57BL/6 sequences and 40.3% of BALB/c sequences were associated with possible P nucleotides. Six C57BL/6 motifs ranged in length from 2 to 6 nt and seven BALB/c motifs ranged from 2 to 5 nt (electronic supplementary material, table S4). Three of the six C57BL/6 motifs and four of the seven BALB/c motifs were observed at frequencies that were significantly higher than can be accounted for by the chance occurrence of palindromic repeat motifs among N-nucleotide additions. The proportion of IGHDs without nucleotide trimming was 7.6% (5 0 ) and 27.4% (3 0 ) for C57BL/6 IGHDs. BALB/c IGHDs were untrimmed in 7.8% (5 0 ) and 30.7% (3 0 ) of sequences. Overabundant motifs that are likely to be P inclusions were associated with untrimmed 5 0 IGHD ends: 'aga' and 'ga' for BALB/c and five 'a'-rich motifs for C57BL/6. The same three overabundant motifs were observed for both strains at untrimmed 3 0 IGHD ends: 'g', 'gt' and 'gtag'; 12.3% (C57BL/6) and 19.8% (BALB/c) of sequences lacked IGHJ removals and possible P nucleotide inclusions ranging in length from 1 to 7 nt were associated with 31.6% of C57BL/6 IGHJ and 24.4% of untrimmed BALB/c IGHJ. This was largely because of the over-representation of 't' upstream from untrimmed IGHJs in both strains.
The extent of N addition within the V -D and D-J junctions was then investigated, with possible P nucleotides being included in the N regions. The results of this analysis are shown as figure 1. Small but significant differences were seen between the strains. The N1 regions of the V -D junction had an average of 3.4 and 4.0 nt for the BALB/c and C57BL/6 strains, respectively. The N2 regions of the D-J junction had an average of 2.7 and 2.9 nt, respectively. To explore the extent of the resulting junctional diversity, the nucleotide sequences were translated and the amino acid sequences of the complementarity determining region 3 (CDR3) were compared between the two datasets of IgMassociated VDJ rearrangements. The CDR3 spans the VDJ junction region, and includes the 3 0 end of the IGHV gene and the 5 0 end of the IGHJ gene; 560 unique CDR3 sequences were seen that were shared by the two strains, representing 4.5% of the C57BL/6 CDR3s and 5.9% of the BALB/c CDR3s.
The extent of somatic mutation of IGHV genes within VDJ rearrangements was finally determined. The percentage of sequences associated with the different isotypes that were unmutated is shown in figure 2a and the average number of mutations in the sequences is shown in figure 2b . The percentage of unmutated IgG-associated IGHV genes was unexpectedly high, ranging from almost 20% (BALB/c IgG1) to over 40% (C57BL/6 IgG2C). The average number of mutations seen was correspondingly low, and ranged from 2.4 (IgG2A BALB/c) to 4.6 (C57BL/6 IgG1). In both strains there was a weak, but significant, positive correlation between the maximum mutation level of a clone lineage and the total number of lineage members detected by repertoire sequencing: C57BL/6 0.2717 and BALB/c 0.2246 (both p , 0.0001, Kendall's Tau).
Discussion
A complete and accurate inventory of the germline immunoglobulin genes of a species is necessary if the expressed antibody repertoire is to be understood, and if somatic point mutations are to be correctly identified in rearranged V(D)J genes. The aim of this study was therefore to first infer the germline heavy chain variable region genes of the BALB/c and C57BL/6 mouse strains, and then to define the processes and biases that shape their VDJ repertoires. Unexpectedly, this showed that the IGHV gene repertoires of the two strains are almost entirely non-overlapping. This striking observation stands in contrast to observations in the human. Although human studies in recent years have highlighted substantial differences in the germline repertoires of different individuals [10, 13, 27] , these studies also show many commonly shared germline sequences. Numerous IGHV genes have been seen in all individuals studied. The human genome usually includes 40-46 different IGHV genes, and in a study of 14 individuals, we reported that individuals appeared on average to be homozygous at around 40 of the loci [27] . Although it is now clear that deletion polymorphisms are relatively common in the human IGHV locus [13] , and homozygosity is therefore probably not quite as high as we reported, it remains true that many IGHV sequences are carried at high frequency within the human population.
That so few IGHV genes are shared by the BALB/c and C57BL/6 mouse strains was surprising, but other differences between the immunoglobulin genes of the BALB/c and C57BL/6 mice have been known for decades. Constant region gene variation between strains was identified in the 1970s [35] [38] . Half of the IGHV locus of the 129/Sv strain has now been sequenced, and the IGHV genes of the 129/Sv strain are quite different to those of C57BL/6 mice [22] . This study now confirms that most reported 129/Sv IGHV sequences are present in the BALB/c strain (data not shown). The partial IGHV locus map for the 129/Sv strain, reported by Retter et al. [22] , describes IGHV genes belonging to 12 of the 15 IGHV gene families. It does not report genes of the very large J558/IGHV1 gene family, or genes of the IGHV8 and IGHV10 families. The 164 BALB/c IGHV genes identified in this study include 54 sequences reported in the 129/Sv strain [22] . In addition to its clarification of the genes of the murine heavy chain gene locus, this transcriptome-based study also clarifies reports of the functionality of those genes. Riblet [19] reported most but not all of the IGHV locus of the C57BL/6 strain and identified 69 pseudogenes and 101 apparently functional genes, suggesting a further 20-30 genes and pseudogenes remained to be identified at the 5 0 end of the locus. Functionality was based upon the presence or absence of functional RSS and other control elements. The IMGT germline IGHV repertoire is based upon the Riblet sequence, and upon unpublished sequences from the 5 0 end of the locus. It includes 14 additional genes that are identified as functional. The functionality of the IMGT genes is based upon an independent assessment by the IMGT group of the control elements associated with each gene. In total, IMGT recognizes 113 functional genes in the C57BL/6 genome. A separate assembly of the complete sequence of the locus identified 110 functional genes [20] which largely overlap with the IMGT repertoire. A small number of genes are absent from one or other repertoire. The present study, on Table 4 . Functional IGHJ genes present (3) in the IMGT repertoire of the C57BL/6 and BALB/c strains, confirmation of their presence and functionality in the strains (3) from analysis of VDJ rearrangements, and the rearrangement frequency of each gene. the other hand, identified just 99 unique, functional C57BL/6 IGHV sequences. It also identified 164 functional putative BALB/c IGHV sequences. The utilization frequencies of some of these genes and putative genes were low, and it is possible that additional functional IGHV genes with very low utilization frequencies are present within the genomes of these strains. It is unlikely, however, that any gene that makes a significant contribution to the murine repertoire was overlooked. The mouse genome carries a relatively high number of IGHV genes, but in comparison to the human repertoire, the murine VDJ repertoire is constrained by the small number of available IGHD genes, and by similarities between those genes. The nine C57BL/6 IGHD genes include six genes of the IGHD2 family that differ from one another by no more than 2 nt. The BALB/c repertoire of IGHD genes is only slightly more diverse, having 12 genes of which eight are genes of the IGHD2 family. Four of the IGHD2 genes, as well as IGHD1-1*01 and IGHD4-1*01, are carried by both mouse strains.
The diversity of the murine repertoire is not expanded by the use of unconventional IGHD rearrangements. Rearrangements containing apparent inverted IGHD genes and D-D fusions were observed at extremely low frequencies within the productive repertoires of both mouse strains in this study. This is consistent with observations made of the human repertoire. If inverted IGHD genes and D-D fusions make any contribution to human repertoire diversity, it is an insignificant one [39] .
The diversity of the murine repertoire may also be restricted by biases in the use of the different IGHD RFs. Both strains use IGHDs in each RF and the overall RF preference across all IGHDs is essentially identical between the strains. In most cases, RF3 is dominant, and the use of the alternative RFs is particularly rare for the IGHD2-family genes. This RF bias is therefore much stronger than biases seen in the human, where there may be dominant RFs but each RF of each gene is relatively commonly used [40] .
The VD and DJ junctions are regions of variability, but because of the nature of P addition, and because of the paucity of N addition in mouse VDJ rearrangement, the CDR3 regions of mouse heavy chain genes are largely germlinederived. Germline-encoded junctional diversification comes from the presence of P nucleotide inclusions in murine sequences, with P nucleotides being observed at much higher frequencies than was previously reported from analysis of human VDJ sequences [41] . By contrast, the diversity of murine junction regions is constrained by low levels of N nucleotide addition. The 3 or 4 nt that are typically added to the murine VD and DJ junctions contrast with the 7.7 and 6.5 nt that are added on average to human VD and DJ junctions [34] . The short N regions that are typical in the mouse often fail to introduce non-template encoded amino acids. Many short N regions simply contribute nucleotides for the completion of codons that are partially template encoded, and the diversity of the resulting amino acids is constrained by the genetic code. Redundancy in the genetic code means that this is particularly true in the case of amino acids found at the 3 0 ends of the IGHV and IGHD genes. Given the lack of N addition in each strain, and the shared IGHD genes, it is unsurprising that identical amino acid junctions were seen when VDJ genes from both strains were translated. Shared CDR3 regions represent 4-6% of all clones in the datasets, which is a frequency that is far higher than that seen in humans. When thousands of human IgM sequences from different individuals are similarly compared, including between monozygotic twins, it is unusual to identify even a single shared CDR3 region [42] . This difference between humans and mice can be viewed as a consequence of the greater germline focus and therefore smaller size of the murine repertoire.
The diversity of human sequences in the naive B-cell repertoire is expanded considerably during an immune response through the process of somatic point mutation. Human IgG-associated IGHV genes accumulate mutations at frequencies that vary between IgG subclasses, and average mutation numbers range from 16.5 (IgG3) to 21.8 (IgG4) [23] . Very few murine sequences accumulate so many mutations, and the percentage of germline (unmutated) IgG-associated IGHV genes in this study ranged between 19.4% (IgG1 BALB/c) and 43.6% (IgG2C C57BL/6). Human IgG3-associated IGHV genes have the highest percentage of germline sequences, with just 5.7% of sequences being unmutated [23] . Not a single germline IGHV gene was detected among 288 human IgG4 sequences [23] . This difference between humans and laboratory mice also suggests a greater germline focus of the murine repertoire.
The view that the heavy chain repertoire is germlinefocused seems at first to be at odds with our observation of the divergence of the IGHV loci of the BALB/c and C57BL/6 strains. In fact, differences between the two strains could be in accord with this view if the divergence can be explained by the breeding histories of the strains. It has recently been shown that the genomes of the common inbred strains of laboratory mice are predominantly derived from the Mus musculus domesticus subspecies of the house mouse, which is found in western Europe and the Americas [43] . As much as 10% of the genomes of different strains are derived from the M. m. musculus subspecies, which is found from eastern Europe to North China. Smaller components of the genomes appear to be derived from M. m. castaneus, which is found in southern China, Japan and southeast Asia [43] . This genetic mosaic is likely the result of mating M. m. domesticus mice with M. m. molossinus mice, which are natural hybrids of M. m. castaneus and M. m. musculus. Mus m. molossinus mice were available to the American developers of the inbred strains as 'Japanese fancy mice' [43] .
It is possible that the IGHV genes of the BALB/c and C57BL/6 strains are derived from different mouse subspecies, and that the loci diverged through evolution as a consequence of the different selection pressures that acted in the different geographical ranges of the subspecies. Evolution may well have led to different sets of IGHV genes that provide protective antibodies against major pathogens in their germline configuration. Because of its size, a mouse will be rapidly killed by any serious infection. It requires antibody-mediated protection that is fast, yet suitably specific for invading pathogens. The germline focus of the murine antibody heavy chain repertoire could help ensure such protection, if the sets of murine germline genes have evolved under strong selection pressure.
Future studies will need to confirm inferred BALB/c genes by genomic sequencing of unrearranged genes. Studies will also need to confirm that observations reported here from the study of laboratory mice are to be seen in wild mice. It will also be important to determine how well the IGHV loci of inbred laboratory strains reflect the loci of wild mice, for it has been suggested that the inbreeding of the BALB/c strain may have led to a loss of sequence diversity within the lambda light chain IGLV gene locus [44, 45] . It is conceivable that there has also been a loss of diversity within the heavy chain locus, as a result of inbreeding. Additional studies in other species will then be required to determine whether or not the germline focus of the heavy chain gene repertoire of laboratory strains of mice is a general feature of the humoral immune systems of small mammals.
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